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INTRODUCTION 
Chromium and chromium alloys have been the object of intensive 
theoretical interest and experimental investigation over the past two 
decades. The itinerant antiferromagnetism exhibited by chromium and 
its alloys appears to be a unique phenomenon among the elements. The 
itinerant nature of the magnetic structure has been explained in terms 
of the particular band structure of chromium which leads to correla­
tions among the conduction electrons. The following sections of this 
chapter provide a brief review of the experimental and theoretical 
evidence supporting this unique type of magnetic structure in chromium 
and its alloys. 
Chromium 
Neutron diffraction gave the first concrete experimental evidence 
for the existence of an itinerant spin density wave (SDW) in Cr. 
Investigators (1-3) showed that below the Neél temperature (T^) the 
spin distribution in high-purity Cr differs from the simple two sub-
lattice antiferromagnetism exhibited by other substances. Rather than 
having equal and opposite spins localized on adjacent lattice sites, 
body-centered cubic (bcc) Cr has a magnetic structure whose period is 
incommensurate with the lattice periodicity. The magnetic moments at 
the cube corners are antiparallel but not equal in magnitude to those 
at the cube centers. The repeat distance of this spin configuration 
varies with the temperature (4-9) from Zla^ at 4.2 K to Zya^ at T^. 
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Below = 312 K the magnetization can be described by 
M(r) = cos($ ( I )  
where 
(2) 
Here is the smallest reciprocal lattice vector along any one of the 
cube axes, and 6 is a small temperature dependent parameter that varies 
from 0.05 to 4.2 K to O.O35 at T^. Between and the spin-flip 
temperature (T^p =123 K), is transverse to but below T^p it 
has a longitudinal polarization. Both the transitions at and at 
Tgp are first order and are accompanied by small changes in the lattice 
parameter (10). This unusual incommensurate magnetization, coupled 
•with the fact that = 0.40 per atom (9) and the fact that no 
remnants of the magnetization exist above (11), leads to the con­
clusion that the magnetic moments must be created in a self-consistent 
way from the conduction electrons. 
Another indication of the existence of SOW's in Cr is reflected in 
measurements of the specific heat. Localized spin antiferromagnets 
exhibit a sharp peak in the specific heat curve at T^. The entropy in 
this peak is the entropy gained in going from an ordered spin state to 
a completely disordered state. Recall that the entropy is defined as 
the Boltzman constant k times the logarithm of the statistical multi­
plicity of states. The multiplicity of spin states is 2S + 1, where S 
3  
is the total spin. Thus the entropy increase expected for this tran­
sition is k ln(2S +1). By assigning a localized spin S = ^  to half 
of the atoms, the entropy would be In 2 = 0.7 cal/gm atom degree (12). 
The actual entropy of transition, calculated by Beaumont, et al. (13) 
from their heat capacity measurements of Cr, has a value of 0.0044 
cal/gm atom degree. Even though this number may be in error by as much 
as an order of magnitude (14), it is still not reasonable to assume a 
localized spin model. 
If the itinerant conduction electrons, acting collectively to form 
the SOW, are only loosely coupled to the Cr ions, the SDW wave vector 
may be independent of a reciprocal lattice vector as evidenced by the 
neutron diffraction data. Then the SDW wave vector is a reciprocal 
lattice vector of a magnetic superlattice. Energy gaps will appear in 
the band structure at the zone boundaries of this magnetic superlattice. 
These gaps which are the result of the magnetic periodicity are similar 
to gaps at Brillouin zone boundaries which are a result of the lattice 
periodicity. In general, a noncommensurate structure will produce gaps 
whenever (ItI = |î< + + n$( where m and n are integers, G is any re­
ciprocal lattice vector and Q is a reciprocal lattice vector of the 
magnetic superzone. These are called nth order gaps. The first order 
and most important gaps are n = + 1 and ^  = 0. Falicov and Zuckerman 
(15) have argued that all gaps higher than second order can be ignored 
under normal experimental conditions because of magnetic breakdown. 
Overhauser (16) has argued that the presence of these gaps and the 
purely electronic origin of the SDW can be used to explain the low 
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entropy of transition. The specific heat of an ideal electron gas, at 
a temperature low compared to the degeneracy temperature, is equal to 
yr, where 7 is a constant. The electronic specific heat (C) is re­
lated to the electronic entropy (S) in the usual way. 
Because of the entropy decrease at the onset of magnetic ordering, 
the electronic specific heat of the magnetic phase should be lower than 
the electronic specific heat of the paramagnetic phase. If C = YT 
for the paramagnetic phase, then one can write C = (l-fi)7T for the 
magnetic phase where 6 < I. The ^C/T versus T curve would look like 
the diagram in Figure 1. The electronic specific heat will go through 
a peak near Tj^ because the entropy developed from 0° K to T > T^ must 
be the same as the entropy the paramagnetic state would have if it 
could be maintained to 0° K. Thus the entropy difference must be re­
covered near T^; or in terms of the diagram, the two shaded regions 
must have equal areas, y is dependent on the density of states at the 
Fermi surface. It is reasonable to assume that some SDW gaps occur 
on and destroy a fraction of the paramagnetic Fermi surface, and thus 
eliminate some of the states. The number of states eliminated will be 
proportional to the area of the Fermi surface destroyed, and 6 is just 
the fraction of states destroyed. 7 has been measured for Cr by Rayne 
and Kemp (17) and Pessall, et al. (18). On the basis of their measure­
ments, a calculation of the electronic entropy at the transition 
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Figure 1. A schematic representation of the specific heat curve for 
the paramagnetic to ant{ferromagnetic phase change in Cr. 
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temperature yields 
S = J «0.1 cal/gm atom deg. 
o 
(4) 
Since 67 is a fraction of 7, the purely magnetic contribution to the 
electronic entropy at the transition temperature. 
will be a fraction of S. The observed value of 0.0044 cal/gm atom 
degree is in reasonable agreement with this argument. 
The electrons on the Fermi surface are responsible for the con­
ductivity and other transport properties of the material. If energy 
gaps in the band structure destroy part of the Fermi surface, one would 
expect this to manifest itself in other transport properties. Indeed, 
anomalies in the resistivity and thermoelectric power curves at Tj^ 
have been observed by numerous authors (ig-Zg). The unusual negative 
temperature coefficient of resistivity and sharp increase in absolute 
thermoelectric power mark the onset of the antiferromagnetic state. 
Typical curves of these quantities in the region of T^^ are illustrated 
in Figure 2. 
Consider again the first order density of the spin magnetic moment 
. It is produced in an initially nonmagnetic crystal by an in-
—* -•  ^
finltesimal magnetic field H(r) which is dependent on the position r 
and the spin coupling only. The Fourier transforms of these quantities 
ûS = J , 
O 
(5) 
7  
f(T) 
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Figure 2. The temperature dependence of some of the transport pro­
perties of Cr near T^ showing (a) the resistivity ratio 
p(T)/p(T«) after Trego and Mackintosh (21), (b) the 
specific heat after Beaumont, et al. (13) and (c) the 
thermoelectric power after Trego and Mackintosh (21). 
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are related to each other by a generalized susceptibility function, 
X(q)j such that 
M(q) = X(q) H(^ . (6) 
The wave vector dependent static susceptibility in the random-phase-
approximation (RPA) is given by (12) 
Here 7 is the average interaction strength between the electrons and 
X°(q) is the band susceptibility which is given by 
where the f, are Fermi-DIrac distribution functions for wave vector 
kn 
k and band n, and the E^(k) are the energies of an electron in band n 
with wave vector 1< (24). A divergence in x(q) would result in a non­
zero magnetic moment in the absence of an applied magnetic field. 
This instability will occur whenever VX°(q) -* 1. An examination of 
X°(q) reveals that whenever the energy denominator becomes small, X° 
will become large. Thus, the instability is likely to occur whenever 
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there are large constant energy surfaces connected by a wave vector q. 
This q in Cr is equal to the wave vector $ of the SOW. 
The Fermi surface of paramagnetic Cr has been calculated by 
Loucks (25) and by Asano and Yamashita (26). A cross section of the 
(100) plane is shown in Figure 3. The major features are an electron 
surface shaped like a child's jack centered at an octahedral hole 
surface centered at and small hole ellipsoids centered at N. 
Loucks' augmented-plane-wave (APW) calculation did not show the hole 
ellipsoids which are very dependent on the potential used; however, 
subsequent de Haas-van Alphen measurements (27,28) indicate they do 
exist. The important areas to notice are the nearly flat octahedral 
faces of the electron jack and the hole octahedron. As Lomer (29) 
first pointed out, these large nearly parallel constant energy surfaces 
separated by wave vector $ = 2jt/a^(l-8,0,0) are responsible for the 
existence of the SOW. 
Overhauser (16) was one of the first to attempt an explicit theo­
retical justification for the antiferromagnetic SOW ground state In 
Cr. Using the Hartree-Fock approximation for an unscreened free elec­
tron gas, and taking into account the wave vector dependence of the ex­
change interactions characteristic of Coulomb forces, he showed that 
the electron gas is unstable with respect to the formation of an anti-
ferromagnetic SOW in three dimensions. Overhauser used a simple model 
of two overlapping spheres of opposite spin to prove that he could 
construct a particular antiferromagnetic ground state that is lower in 
energy than the paramagnetic state. The usual conclusion follows 
(1-8.0.0) 
(1+8,0,0) 
Figure 3. A section of the (100)j3lane of the Fermi surface of Cr showing the SDW wave vectors 
Q = 2n/a(l-6,0,0) and Q* = G-Q, = 2%/a(l+5,0,0). 
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that this particular state is not the optimum state, and that one of a 
lower energy certainly exists. His conclusion was corroborated by 
other authors (30,31); however, Fedders and Martin (32) showed that 
when Fermi-Thomas static screening or more realistic dynamic screening 
is taken into account, the instability is eliminated and the electron 
gas has no antiferromagnetic ground state. 
Fedders and Martin (32) reinforced Lomer's (27) suggestion that 
exchange coupling between different sheets of the Fermi surface is 
responsible for the formation of the SOW. By replacing the hole 
octahedron and the electron jack with spheres of equal size separated 
by wave vector they calculated many properties of the antiferro-
magnetic phase. Mathematically their model is similar to the BCS 
model for superconductivity (33); but rather than having a ground state 
composed of Cooper-paired electrons, the ground state is one of 
electron-hole pairs in a triplet state. The energy gap which appears 
below the critical temperature (T^) has the BCS value 
2A(T = 0) = 3.5 kTj^. The presence of the gap manifests itself in the 
optical conductivity as 
. (9) 
3itmh(j] [(%) -4^  ]* 
There are, however, several nonphysical features of this model. For 
example, the inverse square root singularity in the conductivity arises 
because of the isotropy of the electron and the hole surfaces and the 
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lack of any type of scattering. There is also a logarithmic divergence 
in the zero temperature band susceptibility (34), 
X^(?) ^ ln(2kTg/fiNp|q-$l) (10) 
where kTg is the order of the band energy. This expression gives an 
instability at arbitrarily small coupling strengths. 
As one might expect, the exact size and shape of the gap is very 
model dependent (15,35). Kimball and Falicov (36) find a first order 
transition to an SOW state with a gap at 2^ = 4.3 kT^ in their two-
band model. Liu (37) has taken into account the imperfect nesting 
of the Fermi surface pieces, and places the gap between 
3.5 < 26/kT|^ < 5.66. Barker and Ditzenberger (38) have shown the singu­
larity in a| (a)) disappears and the gap energy increases to 2A = 5.1 kTj^ 
if one takes into account the electron-phonon interaction. 
Several authors (35,39,40) have examined the stability require­
ments for the antiferromagnetism exhibited by Cr. They find that the 
SOW must be realized only narrowly in Cr. Apparently the exchange 
interaction between spin up and spin down electrons in the d-band is 
strong enough to stabilize the SOW ground state in Cr but not in Mo and 
W which have very similar band structures. This is presumably because 
of the wider d-bands of Mo and W (1.3 ~ 1.5 times) and the difficulty 
in confining a large part of the Fermi surface into the gap region. 
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Chromium Alloys 
Now that it has been established that the particular band struc­
ture of Cr is responsible for its delicately balanced magnetic struc­
ture, the next step is to try to modify the band structure and observe 
the results. One way to do this, of course, is by alloying Cr with 
other materials. Many authors (7,9,21,41-57) have made intensive in­
vestigations of different Cr alloy systems via neutron diffraction 
and transport property measurements. 
The elements which have been alloyed with Cr to this date are 
indicated by the shaded boxes in the table shown in Figure 4. Shading 
in the lower left hand corner of the box indicates that Tj^, which 
should be some indication of the stability of the antiferromagnetic 
phase, decreases monotonically with increasing concentrations (up to 
ten atomic percent) of the element. Shading in the upper right hand 
corner indicates that increases monotonical1y with increasing 
concentrations (up to ten atomic percent) of the element. The plots 
of T|^ versus alloy concentration of two of the alloys, Cr-Co and 
Cr-Al, are not monotonie. The Cr-Al alloys will be discussed in 
detail later. 
The magnetic phase diagrams and the magnitude of $ near Tj^ of 
the Cr-Mn and Cr-V alloy systems are shown in Figure 5. One immediately 
notices that adding small concentrations of V decreases the magnitude 
of ^  and T|^; while adding small concentrations of Mn has the opposite 
effect; T^ and $ increase. Further addition of Mn forces a discon­
tinuous change in the magnetic structure to a state which is 
.3 
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Figure 4. A portion of the periodic table which shows the elements that have been alloyed with 
Cr. Shading in the lower left hand (upper right hand) corner indicates Tjj decreases 
(increases) monotonically with increasing concentrations of the element, ihe 
curves of A1 and Ni are not monotonie. 
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Figure 5* Graph showing the effect of alloying Or (6.00 electrons 
per atom) with small concentrations of Mn and V. Curves 
of the Neél temperature (T^), the commensurate phase to 
incommensurate phase transition temperature (Tqo)^ the 
spin flip temperature (Tgc) and the magnitude of the 
SDW wave vector (TJ) have been compiled from the data of 
Koehler, et al. (9), Giannuzzi, et al. (55), and Arajs, 
et au (5^. 
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commensurate with the lattice structure like a conventional two sub-
lattice antiferromagnet. The addition of still more Mn appears only 
to stabilize the commensurate structure. 
The behavior of these alloys has been explained in terms of a 
rigid band model (58-60). In the rigid band model, if the valence 
difference between the host and alloying materials is small, then the 
effect is to shift the energy level of the host material by an amount 
proportional to the valence difference. Although the energy bands 
may shift, they do so without changing shape. The primary effect 
of alloying is to change the electron-to-atom ratio (e/a). This 
shifts the Fermi level of the alloy up (down) relative to the Fermi 
level of the host material depending on whether the alloy has more 
(less) valence electrons than the host material. 
The effect, then, of alloying small amounts of Mn with Cr is to 
increase the e/a ratio and shift the Fermi level of the Cr band struc­
ture upwards. Concurrently the electron portion of the Fermi surface 
swells and the hole surface shrinks. Alloying with V will have just 
the opposite effect; the hole surface will swell and the electron 
surface will shrink as the Fermi level is lowered. By examining the 
Fermi surface cross section in Figure 3 it is easy to see that the 
addition of Mn to Cr will increase whereas, the addition of V will 
decrease q| In agreement with the experimental results. Falicov and 
Penn (61) have explained the discontinuous jump in $ with the addition 
of Mn in terms of two energy gaps which coalesce into one at the onset 
of the commensurate state. Their idea is expressed in terms of the 
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diagram in Figure 6. If there are two energy gaps in the band structure, 
one at the SOW wave vector $ = (2jt/a) (1-6,0,0), which falls at the 
Fermi energy, and one at = (2a/a)(1+6,0,0), which lies slightly 
above the Fermi energy, then the addition of Mn will raise the Fermi 
energy and make approach |5*|. At some point $ will jump discon-
tinuously to and the two gaps will coalesce into a single larger 
gap. Upon further addition of Mn, 5 will no longer "follow the Fermi 
surface," but it will remain at ^  until e/a exceeds some critical 
value. Thus it appears that the rigid band model can be used to ex­
plain at least some of the properties of these Cr alloys. 
Chromium-Aluminum Alloys 
The physical properties of the Cr-rich Cr-Al alloys have only 
recently been investigated in any detail. The alloy system has shown 
itself to be rather interesting in many respects. This section contains 
a brief summary of the physical properties of this alloy system. 
The bcc structure of Cr is maintained in the Cr-Al solid solutions 
beyond 30% A1. The lattice constant increases nearly linearly from 
2.885 Â in pure Cr to 2.960 Â in Cr-30%A1 (62-63). At 33.3% Al, 
Cr^Al, the structure shifts to body centered tetragonal (64). 
A sketchy study of the magnetic structure of this system has been 
made by Kallel and De Bergevin (65). Their neutron diffraction results 
indicate that alloys containing up to about one atomic percent Al have 
the same magnetic structure as pure Cr. They show a transversely 
polarized SOW at liquid nitrogen temperatures and a longitudinally 
\ 
4 Q* 
.. Q „ 
^ 
/ \ 
4 Q** 
Q »• 
^ 
1 > V 
\ 
-—Q= Q 
00 
re 6. A schematic representation of the arguments of Falicov and Penn (61) showing 
(a) the paramagnetic case with bands with positive and negative slope corresponding 
to the body of the electron jack and the hole octahedron, (b) the case of pure Cr 
with incommensurate antiferromagnetic ordering and two energy gaps separated by wave 
vectors of magnitudes ^  = 2jt/a(l-6) and ^  = 2n/a(l+8), (c) the case of commensurate 
alloys where increasing the electron to atom ratio raises the Fermi energy, forces Q. 
to equal Q* and forces the two gaps to coalesce into a single larger gap. 
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polarized SOW at liquid helium temperatures. The alloys between about 
1 and 25% A1 show the structure of the normal commensurate antiferro-
magnet with the spins pointing along the cube axis. Cr2Al has been 
studied by Atoji (66). His interpretation of his neutron diffraction 
data indicates that the magnetic moments on the Cr atoms of this anti-
ferromagnet are inclined about 65° with respect to the c axis of the 
crystal. Figure 7 illustrates this spin arrangement in Cr^AI. The 
magnitude of the magnetic moments of these alloys are plotted in 
Figure 8. 
Also plotted in Figure 8 is the curve of the T^ versus alloy con­
centration for the Cr-Al alloy system. The points on the graph were 
compiled from several sources. The resistivity anomalies observed by 
Arajs, et al. (67) and by Chakrabarti and Beck (63) have been used to 
determine T^ for the alloys containing less than 7% A1. For the higher 
concentrations, T^ was found from the magnetic susceptibility data of 
Koster, et al. (62) and the neutron diffraction data of Atoji (66). 
One immediately notices that the Tj^ curve for low alloy concentrations 
is not monotonie as with most of the other Cr alloy systems. There is 
a sharp minimum in the curve at 1.2% Al, followed by a gradual increase. 
It is interesting to note that this minimum occurs in the region where 
the magnetic structure goes from incommensurate to commensurate. 
If one examines the low temperature specific heat of the bcc 3d 
transition elements, one finds a minimum in the coefficient of the 
electronic specific heat (y) at Cr. By alloying Al with Cr, Pessall, 
et al. (18) were able to show that 7 becomes even smaller at about 25% Al. 
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Figure 7. The unit cell of Cr^Al after Atoji (66) showing the anti-
ferromagnetic arrangement of the magnetic moments on the 
Cr atoms. 
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Figure 8. Plot of T vs A1 concentration compiled from the results of Arajs, et al. (67), 
Chakrabarti and Beck (63), Koster, et al. (62), Atoji (66), and Kallel and 
De Bergevin (65). Also illustrated is the mangetic moment ((x). 
Their results are illustrated in Table 1. 
Table 1. The electronic specific heat coefficient of Cr-Al alloys 
Percent AI 
in Cr 
0 5 . 10 15 20 25 30 
Tdo-'» 21^ ) 
mole deg 
3.4 4.9 4.3 2.8 1.1 0.86 2.5 
Interestingly enough, Chakabarti and Beck (63) have shown that 
Cr-Al alloys with concentrations between 15 and 28% A1 have semicon-
ductor-like negative temperature coefficients of resistivity. Alloys 
on either side of this range behave like normal metals with positive 
temperature coefficients of resistivity except for the anomalies at T^ . 
From the negative slope of the logarithm of the resistivity versus 1/T 
curve, they calculated the energy gaps of these materials as one would 
calculate the gap of an ordinary intrinsic semiconductor. Their re­
sults are illustrated in Figure $. They find the largest value of the 
gap energy at 400" K is O.O6 ev in their 23.5% A1 alloy. One imme­
diately notices that this is also in the concentration range which 
displays the smallest value of the electronic specific heat coefficient. 
The same authors have also measured the Hall coefficients of 
their alloys. They see that for the metallic alloys below 15% A1 and 
above 28% A1 the Hall coefficients are positive with a relatively small 
23 
0.06 
> 0.04 
0.02 
10 15 20 25 30 
at.% Al 
Figure 9. Plot of the gap energies vs A1 concentration for the semi­
conductor-! Ike Cr-Al alloys after Chakrabarti and Beck (63). 
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temperature variation. However, the semiconductor-like alloys have 
rather large negative Hall coefficients which vary strongly with 
temperature. Thus, the metal-like alloys are predominately hole con­
ductors like Cr, whereas the semiconductor-like alloys are predominately 
electron conductors. More will be said about these data later. 
Purpose of this Work 
For many years optical absorption has proven to be a valuable tool 
for investigating crystalline solids. A good deal can be learned about 
the band structure of a material from its absorption spectra. In Cr 
in particular, one can use optical means to excite electrons across 
the energy gaps which are caused by the long range magnetic ordering 
and thus observe the gaps directly. 
These gaps occur in the infrared part of the spectrum and have 
been observed in Cr and the Cr-Mn, Cr-V, Cr-Re, Cr-Ru, Cr-Fe, and Cr-Mo 
alloy systems by several authors (34,38,68-70). The unique transport 
properties of the Cr-Al alloys suggest that an optical study of this 
system could lead to a greater understanding of the itinerant antiferro-
magnetism in Cr. The purpose of this work is to measure the infrared 
reflectivity of Cr and the Cr-Al alloys in order to study the magnitude 
and temperature dependence of the energy gaps which occur. 
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EXPERIMENT 
The experimental quantity measured in this work is reflectivity, 
which may be defined in the following way. Let be the total power 
of a small nearly monochromatic beam of radiation incident on a sample, 
and let P^ be the power absorbed by the sample, and let P^ be the power 
reflected by the sample. The absorptance is then defined by A = P^/P^ 
and the reflectivity by R = P^/P^ = I-A. 
In order to determine the reflectance of a sample one must know 
the power reflected from the sample as well as the power incident upon 
the sample. The technique used in this experiment consists of mea­
suring the radiation reflected from the sample mirror and comparing 
it with the radiation reflected from a standard mirror for which the 
reflectivity is known. Then the reflectivity of the sample is given 
by 
p 
O = r sample 
sample standard standard ' 
In order to study the temperature dependence of the reflectivity 
of chromium metal alloys in the infrared, a spectrometer system was 
developed. The system consists of a moving sample holder which places 
the sample mirror and the reference mirror alternately into the light 
beam, a cryostat capable of a 4 - 400 K temperature range, a temperature 
control unit to vary the temperature of the sample, and a spectrometer 
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system capable of producing a fairly monochromatic beam of infrared 
radiation and of measuring the power reflected from a sample. 
The Cryostat 
A simplified diagram of the cryostat used in this experiment is 
illustrated in Figure 10. The cryostat is constructed of stainless 
steel and copper in a conventional manner. A single vacuum port was 
used in this experiment; however, provisions have been made to intro­
duce an exchange gas into the area surrounded by the helium heat shield 
via a stainless steel tube running through the liquid helium bath. 
This tube also houses the thermocouple and heater leads as well as the 
pushrod that runs from the bellows assembly to the sample holder. The 
lower portion of the cryostat is constructed from a stainless steel 
tee. The rocksalt window was installed using a dual "0" ring seal as 
illustrated in the diagram. A KBr window was used for the wavelengths 
<20 microns and a Csl window for the wavelengths >20 microns. The 
two heat shields surrounding the sample holder assembly are removable 
via a series of Allen head bolts. 
The sample holder assembly is illustrated in Figure 11. Stainless 
steel standoffs provide a slow heat leak between the helium pot and 
the heater block. The heater block was machined from a single rod of 
copper to the shape shown in the figure. The 15 ohm heater windings 
were made using 2.5 ohm per foot Nyclad coated manganin wire. One of 
the copper-constantan thermocouples mounted in a well close to the 
heater windings is used for temperature control. The inner surface of 
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Figure Î0. Simplified diagram of the cryostat. 
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the heater block is machined smooth and polished for minimum friction 
and roughness between the heater block and the sliding sample holder. 
The sample holder is also constructed from copper in the shape 
shown in the figure. The front face of the sample holder is polished 
smooth and coated with graphite from a soft pencil. The graphite 
provides a satisfactory "all temperature" lubricant between the front 
face of the sample holder and the heater block. A thin walled stainless 
steel tube with a threaded bolt soldered to each end provides a me­
chanical linkage between the sample holder and the bellows assembly 
which is mounted on the top of the cryostat. Motion of the bellows 
then pushes the sample holder up and down. This motion places either 
the sample mirror or the reference mirror into the light beam. 
Stainless steel spring clips hold the sample and reference mirrors in 
place on a back surface of the sample holder. The bronze spring at­
tached to the sample holder presses against the heater block cover 
plate to insure that the front face of the sample holder is held flat 
against the heater block. A small nylon bolt is used to reduce fric­
tion between the bronze spring and the cover plate. There are two 
small holes drilled in the top of the sample holder to serve as wells 
for the copper-constantan and the gold 3% iron-copper thermocouples 
used to monitor the temperature of the samples. 
Due to the fragile nature of the thermocouple junctions, and the 
need to remove them from the sample holder when transferring samples, 
a unique method of mounting the thermocouples was developed. Figure 12 
illustrates how small sections of #16 bare copper wire were carefully 
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Figure 12. Diagram of the thermocouple mounting assembly. 
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bored out at one end. A junction was inserted into the hole and 
soldered. This assembly was then covered with a thin coat of GE 7O3I 
varnish. Nylon set screws hold these assemblies firmly in the thermo­
couple wells and permit easy removal of the thermocouple without damage 
to the junction. 
The bellows assembly is Illustrated In Figure I 3 .  An air cylinder 
mounted above the brass bellows extends or retracts the bellows which 
in turn raises or lowers the sample holder via the pushrod. Mounted 
on the bellows assembly is the thermocouple and heater lead feed-through 
assembly Illustrated In Figure 14. The wires are fed through a nylon 
spacer which has been fit into a copper sleeve and surrounded by 
Armstrong A-12 epoxy. This method of constructing feed-throughs pro­
vides an effective vacuum seal over a wide range of temperatures 
(0-400 K). 
Temperature Control 
A block diagram of the temperature control and measurement ap­
paratus is given In Figure 15. The temperature of the sample holder 
Is monitored by measuring the EMF of a copper-constantan or gold 3% 
Iron-copper thermocouple with a Leeds & Northrup type K-4 potentiometer 
In conjunction with a Leeds & Northrup Model 9834-1 dc null detector. 
Another copper-constantan thermocouple provides the reference EMF for 
the temperature control circuit. This EMF Is measured by a Rubicon 
potentiometer along with a Leeds & Northrup null detector. The output 
of the null detector, which is proportional to the imbalance between 
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EMF set on the Rubicon and the EMF of the thermocouple is fed into a 
do power amplifier. This amplifier, shown in the schematic in Figure 16, 
supplies current to the 15 ohm windings of the heater block. The tem­
perature control system allows the temperature of the sample holder 
to be raised to a set value fairly rapidly with no overshoot. 
The thermocouples were calibrated by finding four points and 
fitting them to the standard curve shapes. The points used in this 
case were the boiling point of liquid helium, the boiling point of 
liquid nitrogen, the triple point of water, and the boiling point of 
water. The accuracy of such a procedure is estimated to be ^  0.5 K. 
With the above temperature control system operating between 25 K and 
400 K, the moving sample holder can be maintained at a selected tem­
perature + 1 K or better. 
Spectrometer System 
Figure 17 shows a diagram of the optical arrangement used in this 
experiment. The table is constructed of % inch aluminum plate and 
supported at the monochrometer table height. The entire path of the 
beam is enclosed and flushed with dry nitrogen to minimize the absorp­
tion effects of HgO and COg in the atmosphere. The mirrors are front-
surfaced aluminum supplied by Perkin-Elmer. The Perkin-Elmer mono­
chrometer was modified to a Model 99 double pass prism instrument from 
a Model 98 single pass prism instrument with a conversion kit obtained 
from the company. The reduced scattered light of the double pass 
monochrometer makes it the more desirable machine for these studies. 
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A wavelength drive was constructed to allow easy comparison with the 
calibration procedure outlined by Downie, et al. (71) and Mills, et al. 
(72) which was used to calibrate the instrument. The cryostat is 
positioned so that the beam hits the sample mirror approximately 10 
degrees from normal incidence. 
The electronics of the spectrometer system are illustrated in 
the block diagram of Figure 18. A standard globar radiation source 
operating at approximately 100 watts supplies the power to the mono-
chrometer for wavelengths greater than 1 micron. The light emitted 
from the globar is monitored by a CdSe photocell. The Clairex C1903 
photocell with a peak spectral response at 7350 'S used in one leg 
of a bridge network in the feedback amplifier shown schematically in 
Figure 19. The feedback amplifier output is designed to control a 
Hewlett-Packard 6291A dc power supply via the remote programming 
terminals. The short term (< 1 minute) stability of the light source 
in this arrangement is better than 0.1%, and long term stability 
(> I hour) is better than 0.4% after a suitable warmup period. 
The radiation generated by the light source enters the monochro-
meter and is chopped at 27.5 Hz between the first and second pass 
through the prism. A reference signal for the lock-in amplifier 
system is generated by a battery and a set of points mechanically 
linked to the chopper. The monochromatic beam reflects off the sample 
or reference mirror and is detected by a thermocouple supplied by the 
Charles M. Reeder Company. The RP-5W thermocouple was specially de­
signed with a larger than normal, 2.0 x 0.3 mm, receiver area to 
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minimize the effects of optical misalignment between the sample and 
the reference mirrors. It was also fitted with a Csl window. 
The lock-in amplifier used in this experiment was supplied by 
Keithley Instruments. It consists of a Model 823 nanovolt amplifier, 
a Model 822 phase-sensitive detector, a Model 821 phase shifter, and a 
Model 1037 input transformer. The output of the phase-sensitive de­
tector is read with a Data Technology Corporation Model 350 digital 
voltmeter. Several lock-in amplifier systems were tried and the 
Keithley system was chosen because of its far greater stability and 
ease of operation. The long term and the short term drift of this 
system are less than 0.1% at all gain settings with an RC = 3 seconds. 
The decade tuning eliminates the need for constant retuning necessary 
I 
in other systems which is caused by small drifts in the frequency of 
the reference signal. 
Operational Procedure 
In order to check the optical alignment of the sample in the 
cryostat, a simple experiment was devised. The cryostat was cooled to 
40 K. The light beam from a He-Ne laser was directed onto a sample 
at about 10 degrees from normal incidence. The beam reflected from the 
sample was marked on a target three meters from the sample. The sample 
holder was moved using the bellows assembly so that the reference 
mirror entered the beam. The position of this reflection was also 
marked. The separation of the two marks was 1.2 cm. This corresponds 
to an angular deviation between the sample and reference mirror 
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positions of 0.2°. The temperature of the cryostat was raised gradually 
to 350 K. The positions of the reflected beams did not change mea­
surably during the temperature rise. This verifies that any changes 
in the reflectivity that are seen as a function of temperature are 
due to the sample and are not due to changes in the beam geometry. 
The spectrometer was then set up to measure the power reflected 
from the sample and the reference mirrors at room temperature. The 
ratio Pr sample^^r reference ^aken with the sample and reference 
mirrors positioned one above the other in the sample holder. This 
number was compared with the same ratio for the mirror positions ex­
changed. The results agreed to within 0.1%. This indicates that the 
0.2° angular difference in beam path geometry observed previously 
should not cause errors in the data greater than those caused by the 
drift of the electronics. 
In order to obtain the maximum dispersion from the prisms and 
still maintain reasonable power levels at the output of the monochro-
meter, several prisms were used for the wavelength range studied. 
These prisms are listed in Table 2 below. 
Table 2. Prisms used in various wavelength regions 
Wavelength 1 - 6 6 - 1 3  1 3 - 2 0  20 - 40 
(microns) 
Prism used CaFg NaCI KBr Csl 
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The data for the experiment were taken point by point. One prism 
was used until the entire temperature range of interest was investi­
gated. The prism was then changed and the temperature dependence of 
another wavelength range investigated. 
Reference Mirror 
An evaporated aluminum mirror was chosen as the reference mirror 
in this experiment because of its high reflectivity in the infrared 
and its greater durability compared to most other metal films (72,73). 
The aluminum was evaporated onto a polished quartz substrate in a 
lO"^ torr vacuum. The absolute absorptivity of the film at 4 K was 
measured using a calorimetric technique described by Bos (74) and 
Bos and Lynch (75) and Biondi and Guobadia (76). The absolute room 
temperature reflectivity of this mirror was 0.5 - 1.0% lower in the 
infrared than other authors have reported on freshly evaporated 
films (75-80). The reason for this discrepancy is unknown. 
The cryogenic temperature dependence of the aluminum reflectivity 
in the infrared is not well known. A simple experiment was devised to 
find this temperature dependence for the reference mirror used in 
this experiment. The monochrometer was set at a single wavelength 
and half the beam was reflected from the reference mirror in the 
cryostat to the usual thermocouple detector. The other half of the 
beam was focused on a second thermocouple with a transformer pre­
amplifier similar to the first. Using the same amplifier system and 
a coaxial switch, one could alternately monitor the output of the 
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monochrometer and the radiation reflected from the reference mirror. 
Thus, the temperature dependence of the mirror reflectivity can be 
deduced for that particular photon energy. This was done for the four 
different wavelengths. The results of this experiment are displayed 
in Figures 20 through 23. From these results and the absolute reflec­
tivity at 4 K one can deduce the temperature the dependent reflectivity 
of the aluminum reference mirror in the range of interest. These 
curves are shown in Figure 24. Golovashkin, et al. (77) measured the 
absolute reflectivity of an aluminum film at 77 K and 295 K. If their 
77 K results are normalized to these 100 K results and their 295 K 
results are normalized to these 3OO K results, the temperature de­
pendence they observed agrees to the nearest 0.1% as indicated in 
the figure. 
Sample Preparation 
The alloys were prepared from 60 ppm pure Cr and 200 ppm pure A1 
by an arc-zone melting technique described by Carlson, et al. (81). 
The method consists of using a dc arc in an argon atmosphere to melt 
the constituents together into a button. The materials were crushed 
together and placed in a mold on a water-cooled hearth. First one 
side, and then the other was melted in the arc. The buttons were 
crushed and remelted six times to insure homogeneity. The final melt 
was performed in a long narrow boat in the hearth. The resulting poly-
crystalline ingots were then zone refined by moving the dc arc slowly 
(a few cm per hour) along the top of the ingot melting only the top 
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2 to 3 mm of the alloy. The resulting temperature gradient causes 
large crystallites to form. In most cases nearly the entire ingot 
could be made into a single crystal. The final dimensions of the 
ingots were 1.0 cm x 1.5 cm x 10 cm. 
Previous electron microprobe analysis of a Cr-Mn ingot prepared 
in an analogous manner showed the largest concentration gradient running 
from the top to the bottom of the ingot. Thus, the samples were spark 
cut with the largest faces parallel to the top of the ingot in order 
to minimize the effect of a possible gradient of this type and to in­
sure as uniform a concentration as possible on the face of the sample. 
A 0.5 mm slice was then cut off the face of each of the samples for 
analysis by flame-emission spectroscopy. 
The cut samples were etched in HCl, after which one surface was 
lapped flat using 600 grit emery paper. Next, this face was polished 
using 4/0 emery polishing paper and finally a slurry of .05 micron 
aluminum oxide abrasive and water. The surface of each sample was 
then electropolished in a 6% solution of perchloric acid in methyl 
alcohol at -78 C. The polished samples were immediately installed 
in the cryostat. 
Except for the alloys with the highest concentrations, the 
samples were cut from a single crystal section of the ingot. The 
intermediate concentration samples (2-7%) A1 were quite brittle. 
Small cracks which apparently developed as a result of the zone re­
fining process were visible on parts of the sample surfaces. For­
tunately, these cracks were not so numerous that they could not be 
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avoided by the light beam from the monochrometer. Previous studies by 
Bos (74) on Cr-Mn alloys have shown that annealing has little effect 
on the infrared reflectivity of samples which were prepared in the 
same manner. Nevertheless, one sample, Cr-5%A1, was annealed at 1450 C 
for two hours in an argon atmosphere and then slowly cooled to alleviate 
any strains that might have accompanied the formation of the cracks 
during the zone refining process. As will be shown later, no appre­
ciable difference in the infrared reflectivity was seen between the 
annealed and the unannealed sample. This indicates that any strains 
that might have accompanied the formation of the cracks were either 
absent from the unannealed crystal or are unimportant in the infrared 
reflectivity. The two highest concentration samples were not zone re­
fined and consequently were polycrystal1ina. The grain size in these 
samples was on the order of 1 mm^. 
Since the vapor pressure of the AI is about an order of magni­
tude greater than Cr at the melting temperature of the alloy, some A1 
loss was expected during the crystal making process. Table 3 gives 
the starting mixtures and final chemical analysis as well as some com­
ments about the crystal structure of the alloys used in the experiment. 
The estimated accuracy of the flame-emission analysis is 3% of the A1 
concentration. 
52 
Table 3« Alloys used in experiments 
Atomic % A1 
in starting 
mixture 
Flame-emission spec­
troscopy results in 
atomic % AI 
Comments on structure 
and preparation 
.25 .23 single crystal 
.50 . .52 single crystal 
1.0 1.02 single crystal 
1.5 1.41 single crystal 
2.0 1.91 single crystal 
3.0 2.99 single crystal 
5.0 4.53 single crystal, annealed 
5.0 5.11 single crystal, unannealed 
7.0 6.36 single crystal 
25.0 19.0 zone refined, 3 mm grains 
25.0 27.0 polycrystal1ine, 1 mm grains 
33.3 37.8 polycrystalIine, I mm grains 
RESULTS AND DISCUSSION 
The data was taken as described in the last chapter and the raw 
data was corrected for the reflectivity of the A1 reference mirror as 
discussed. There was, however, no attempt made to correct for non-
specular reflection from the samples. This effect is expected to be 
reasonably small and temperature independent. Thus, because of the 
surface roughness of the samples, the absolute reflectivity of the re­
sults that follow could be raised by as much as one or two percent for 
any single sample. Considerable effort was made, however, to keep the 
relative accuracy of a single sample to +0.1%. This was not always 
possible at long wavelengths where the available power from the globar 
light source was small as is evidenced by the scatter in the data. 
Repeated measurements on several of the samples gave results that were 
consistent to within 0.1%. Since for reasons of clarity, many of the 
data points at the longer wavelengths are not plotted on the graphs 
that follow, a complete listing of all the data points is given in 
the Appendix. 
Chromium 
The Cr sample used in this experiment had a resistivity ratio, 
p(T = 295 K)/q(T = 4 K), of 46$. The ratio was measured using a 
standard four probe technique. This is apparently the purest sample 
measured to date. Bos and Lynch (68) and Barker and Ditzenberger (38) 
report resistance ratios of 200 for their Cr samples. A graph of the 
measured infrared reflectivity at 3O K of this Cr sample is given in 
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Figure 25. The dip in the reflectivity centered at 0.124 eV has been 
observed by other authors (34,38,68-70) and is associated with the 
energy gaps caused by the incommensurate antiferromagnetic ordering 
discussed earlier. The gradual drop off of the reflectivity at photon 
energies greater than 0.3 eV has been attributed to interband tran­
sitions. 
This data is compared with that of Barker, et al. (69) and Bos, 
et al. (70) in Figure 26. The absorbtivity data of Bos, et al. was 
taken at 4 K using a calorimetric technique. Barker, et al. measured 
the reflectivity of their sample at 80 K using a triple reflection 
method. Although the curve shapes are quite similar, the agreement of 
the absolute reflectivity is only fair even considering the tempera­
ture difference. As will be shown presently, there is less than a 1% 
variation in the absolute reflectivity in this wavelength region from 
30 K to 100 K. Although the sample preparation may account for a 
portion of this discrepancy, one can attribute at least part of the 
observed difference to nonspecular reflection from the sample. Dif­
fuse scattering is observable even from the A1 films evaporated onto 
polished quartz substrates. This scattered light manifests itself as 
a decrease in the absolute reflectivity of the sample. The decrease 
should be most apparent in the experimental arrangement of Barker, et al. 
because of the three light reflections required. The experiment of 
Bos, et al. should be the least sensitive to this type of scattering 
because of the single reflection and the large effective receiver 
area in their detector. One would expect the results of the present 
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Figure 25. The reflectivity of chromium at T = 30 K showing the incommensurate absorption at 
0.124 eV. 
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57 
experiment with a single reflection to be somewhere in between these 
values, as is the case. The temperature dependence of the reflectivity 
in the energy range of the antiferromagnetic energy gap at 0.12 eV is 
displayed in Figure 27. The data taken in 50 K temperature intervals 
from 50 K to 300 K have been normalized to the reflectivity of the 
paramagnetic phase by dividing by the 300 K reflectivity data. The 
Neel temperature (T^) for Cr is 3^2 K. There was no observable dif­
ference in the reflectivity between 30 K and 50 K in the data that 
follows. Notice that as the temperature rises the dip decreases in 
magnitude and its center shifts to lower energies. The location, 
breadth and temperature dependence of this dip are in good agreement 
with those reported by Barker and Ditzenberger (38). 
Recall that in the Fedders and Martin model of perfectly nesting 
Fermi spheres (32), the energy gap manifests itself in the optical 
conductivity. This gap has a temperature dependence like the BCS gap 
for superconductivity. 
2A(T) = 3.5 kT^(l-T/T^)^ . (11) 
Although this model exhibits an infinite peak In the real part of the 
conductivity, (0^) at all temperatures, this is clearly nonphysical. 
The conductivity peak in Cr will be rounded somewhat by variations in 
the gap size and the nonperfect nesting of the Fermi surface as dis­
cussed before. 
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Figure 27. The temperature dependence of the .12 eV incommensurate absorption. The data is d 
played as a reflectivity ratio, R(T)/R(T = 300 K). 
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Barker and Ditzenberger (38) Kramers-Kronig analyzed their re­
flectivity data and found a peak in the low temperature optical con­
ductivity corresponding to a zero temperature energy gap of 
2A = 5.1 kTj^j. This is considerably above the BCS value of 
2 L  -  3.5 kT^. By considering the effect of electron-phonon scattering 
! 
on the Fedders and Martin model. Rice, et al. (34) and Barker, et al. 
(69) find the optical absorption broadens and the peak position renor­
mal izes to Am = 5.2 kT^. Physically, their model pictures the 
phonon scattering as smearing the Fermi surface and causing random 
electric fields in the lattice. This provides a depairing mechanism 
for the electron-hole pairs that stabilizes the antiferromagnetic 
state. Barker and Ditzenberger (38) compare their data with the re­
sults predicted from this theory. They find that both the peak shape 
and temperature dependence are in reasonable agreement with the theory 
considering that all band structure effects have been neglected. 
Barker and Ditzenberger (38) have also separated out the anti-
ferromagnetic part of the optical absorption. They then calculated the 
integrated conductivity in the antiferromagnetic peak at low tem­
peratures and found it to be about 1/3 of the total integrated ap 
They therefore conclude that about 1/3 of the carriers (1/3 of the 
Fermi surface) is involved in the formation of the gap. This figure 
is to be compared with 1/2 from the specific heat data (48) and I/3 
from the high pressure data (34). As can be seen in Figure 27, a very 
effective way to display temperature dependent data is to plot a re­
flectivity ratio rather than plotting the data directly. Figure 28 
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Figure 28. Plot of the reflectivity of chromium at 30 K and the reflectivity ratio, 
R(30 K)/R(300 K). Considerably more structure is evident in the reflectivity ratio 
curve, particularly the dip at .45 eV and the peak at .65 eV. 
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compares the absolute reflectivity data at 30 K to the same data 
normalized to 300 K data for photon energies between 0.06 and 1.0 eV. 
Notice that the reflectivity ratio, R(30 i^/R(300 K), reveals consid­
erable more structure than just the absolute reflectivity curve at 
30 K. The low temperature reflectivity has a dip at 0.45 eV, a peak 
at 0.65 eV and another dip at about O.9 eV. These features are not 
at all obvious from the 3O K curve. Figures 29 and 3O show the reflec­
tivity at 400 K. The data at 400 K should be completely free of any 
structure associated with the antiferromagnetic phase, since Tj^ = 312 K. 
Thus by normalizing the data to 400 K, structure associated with just 
the antiferromagnetic phase should be more easily identifiable. 
The curves in Figures 29 and 3O are redrawn in Figure 3I for 
comparison. The exact shape of these curves should not be taken too 
seriously since the data scatter is 0.2% in some places. Notice that 
the dip in the reflectivity at 0.45 eV in the 30 K curve is very tem­
perature dependent and disappears quickly near Tj^. The peak at 0.62 eV 
although not as dependent on the temperature also quickly diminishes 
near T^j. The effect of both these features is less than 0.25 % at 
300 K. The dip at 0.88 eV is still present and larger than 1% at 3OO K. 
It is logical to assume that features at 0.45 eV and 0.62 eV are 
associated with the antiferromagnetic phase only, whereas the dip at 
0.88 eV is perhaps a regular band structure effect. 
The dip in the reflectivity at 0.45 eV can be explained in terms 
of an indirect transition across two energy gaps. Bos and Lynch (68) 
pointed out such a possibility to account for a small bump in the 
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Figure 29. Plot of the reflectivity ratio of chromium for several temperatures. 
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imaginary part of the low temperature dielectric constant obtained 
from a Kramer-Kronig analysis of their Cr absorbtivity spectra. To 
understand how this transition comes about, examine the energy bands 
of paramagnetic Cr calculated by Asano and Yamashita (26) shown in 
Figure 32. Notice particularly the two bands and These two 
bands are responsible for the flat Fermi surface sheets of the 
hole octahedron and the electron jack, respectively. Viewed along 
the H to r direction, the band has a positive slope and the G^ band 
has a negative slope. If we displace a G^-like band to the left of 
its original position by $ = 2rt/a(l-6,0,0), the wave vector of the 
incommensurate magnetization, it intersects a z^-like band near the 
Fermi energy. This is illustrated in Figure 33a where the G -like 
band is designated by g and the s^-like band is designated by a. When 
the SDW interaction is turned on, these two bands will hybridize and 
an energy gap will form at the Fermi surface. A direct transition 
across this energy gap of magnitude 2A is responsible for the optical 
absorption observed at 0.12 eV. In general, since |^|/j?| is not a 
rational number, there will be an infinite number of gaps introduced 
into the paramagnetic energy bands in this manner by the incommensurate 
ordering. If we consider only the first order gaps as being important 
for the optical properties, we need consider only the gaps caused by 
5 and = G-$ = 2jt/a(1+6,0,0). In terms of the diagram of Figure 33a 
we must consider both a G^-like band (g) displaced a distance Q. to 
the left of its original position and another G^-like band (g*) dis­
placed Q* to the right of its original position as illustrated in 
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Figure 32. Energy bands of paramagnetic chromium after Asano and Yamashita (26). 
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Figure 33. A diagram illustrating the presence of an indirect transition in chromium, (a) g re­
presents a Go-like band displaced Q = 2%/a(l-6,0,0) to the left of its original posi­
tion where it intersects a En-like band desig^nated ^s a. (b) Another G--like band 
(g*) will intersect a if it is displaced by Q* = G-Q. = 2%/a(l+5,0,0) to the right of 
its original position, (c) By turning on the SOW interaction two gaps ,form. 
Optically a direct transition of hto = 2A is allowed as well as an indirect transition 
of fita = e. (d) As the temperature is raised Q, increases, Q* decreases, and g and g* 
approach one another. The energy of the indirect transition decreases to hia = &'. 
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Figure 33b. These bands will be split by the SDW interaction to form 
the structure in Figure 33c. 
In a normal paramagnetic metal at low temperatures, the conserva­
tion of crystal momentum requires that the electromagnetic perturba­
tions can produce only vertical transitions in first order. On the 
other hand, Kimball (82) has shown that since an antiferromagnet with 
an extra periodicity $ is no longer an eigenstate of a general lattice 
transformation, the crystal momentum need no longer by conserved, thus 
allowing nonvertical transitions. The transition matrix element is 
nonzero and the same order of magnitude both for k = k' and for 
1< = !(' + The arrows in Figure 3^c show schematically these two 
transitions. There is a vertical transition across a gap 2A and a 
nonvertical transition of energy e > 2A. As the temperature increases, 
Q increases in magnitude. This shifts g further to the right and g* 
further to the left as indicated in Figure 33d. Such a shift will 
cause a change in the energy required for the nonvertical transition 
from 6 to a smaller energy e'. This is just what is observed in the 
data. The dip in the reflectivity at 0.45 eV shifts to lower energies 
as T approaches T^. 
Low Concentration Cr-Al Alloys 
The reflectivity of Cr-Al Alloys with O.23, 0.52, 1.02, 1.41, 
1.91, 2.99, 5.11, and 6.36 atomic percent A1 is shown in Figures 34-41. 
Also shown is the reflectivity ratio for each of these alloys. The 
ratio is the reflectivity at 3O K divided by the reflectivity at a 
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Figure 35* The reflectivity and the reflectivity ratio of Cr-0.52% Al. 
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Figure 41. The reflectivity and the reflectivity ratio of Cr-6.36% Al. 
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temperature at or above the Neel temperature estimated from Figure 8. 
Henceforth, all A1 concentrations referred to are in atomic percent. 
The alloys with less than 1% Al should have a magnetic structure similar 
to pure Cr with incommensurate transverse magnetization at high temper­
atures and incommensurate longitudinal magnetization at low temperatures. 
The alloys with higher concentrations of Al are thought to be regular 
commensurate antiferromagnets. 
The alloys with up to 1.02% Al all exhibit a temperature-dependent 
reflectivity spectrum similar to that of pure Cr. The reflectivity 
dips at 0.12 eV and 0.45 eV are still present although they become 
more and more washed out as the Al concentration is increased. In the 
1.41% sample the structure associated with the incommensurate magnetic 
structure has virtually disappeared, and it is completely gone in the 
1.91% sample, as evidenced in the reflectivity ratio curve. There 
are several things that should be mentioned concerning these lowest 
concentration alloys. First, it is interesting to note that the mini­
mum in the Nell temperature curve in Figure 8 occurs at about 1.2% Al. 
This is approximately the concentration that exhibits little if any 
reflectivity structure that is associated with the magnetic ordering. 
Second, the absorption at 0.12 eV remains at the same energy value to 
within the accuracy of the data. The gap energy does not scale with 
T^ as is the case with other alloys of Cr (38). 
Although one might expect the 1.91% alloy to have a commensurate 
magnetic structure, the infrared absorption at O.35 eV seen for com­
mensurate alloys in other systems is not present. The data of Bos and 
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Lynch (68) shows a 20-30% absorption at 0.35 eV for the Cr-Mh and 
Cr-Re commensurate alloys with concentrations above 1%. Since neutron 
diffraction data is rather incomplete in this concentration region, 
one cannot be certain what magnetic structure if any exists. 
In the 2.99% alloy, there is a dip of approximately 1% in the re­
flectivity ratio spectrum at .35 eV although this dip is not obvious 
in the low temperature absolute reflectivity data. As more A1 is added, 
J 
the dip increases in magnitude to approximately 2% in the 5.11% A1 
sample and to something like 5% in the 6.36% A1 alloy. 
Asano and Yamashita (26) have calculated the band structure of Cr 
as a hypothetical commensurate antiferromagnet. The first Brillouin 
zone of a bcc lattice is shown in Figure 42. The commensurate anti-
ferromagnet forms a magnetic superlattice which reduces this structure 
to a simple cubic zone as illustrated on the figure. By remapping 
the paramagnetic bands back into this zone the authors were able to 
generate the set of bands illustrated in Figure 43. The energy gaps 
which result from the accidental degeneracies on the A and 2 axis near 
the Fermi surface are the important ones to notice. It has been sug­
gested (68) that these gaps are responsible for the infrared absorption 
present once commensurate magnetic ordering is established. 
It is not clear that this simple picture of the band structure is 
applicable in the case of the commensurate Cr-Al alloys. AI has three 
electrons per atom as compared to Cr with six. Thus, adding Al should 
decrease the electron-to-atom ratio. This in turn, if the rigid band 
model is valid, will lower the Fermi energy. According to the 
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Figure 42. Brillouin zones for the bcc space lattice (that of para­
magnetic Cr) and the simple cubic space lattice (that of 
the hypotheticaliy commensurate Cr and the commensurate 
Cr alloys). 
Figure 43. The energy bands for Cr as hypothetical commensurate antiferromagnet after Asano and 
Yamashita (26). 
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arguments made previously, one would expect Q. to "follow" the Fermi 
surface and become smaller, thus causing the magnetization to become 
increasingly incommensurate with the addition of A1. Since the Cr-Al 
alloys with the higher concentrations of A1 appear to be commensurate 
antiferromagnets, this argument must be false and the rigid-band model 
must not apply. The paramagnetic energy bands must somehow shift to 
provide the Fermi surface necessary to insure commensurate ordering. 
Since band calculations of alloys are still in their infancy, it is 
not a simple matter to predict exactly how the bands do shift when the 
Al is added to the Cr. 
It is unfortunate that more neutron diffraction data is not avail­
able for the alloys between 1 and 5% Al. The magnetic structure can 
only be guessed at present. However, it is interesting to note that 
in the Cr-Al alloy system, unlike other Cr alloys systems, the reflec­
tivity dip at 0.35 eV which is characteristic of the commensurate 
ordering is developed slowly over a comparatively wide range of alloy 
concentration. In the Cr-Mn and Cr-Re systems the dip appears at full 
strength very rapidly at solute concentrations of 1%. This observation 
is also in agreement with the assumption that the band structure is 
shifting radically. It is possible either that the joint density of 
states in the commensurate gap region of the band structure is suffi­
ciently small that the absorption is unobservable or that the gaps are 
initially formed above or below the Fermi level where no optical tran­
sitions can occur. As more Al is added, the bands must shift further 
into a position which makes the optical transition more favorable. Such 
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a phenomena would also account for the very small resistivity anomalies 
at that are observed (63,67) in the 1-3% A1 samples which become 
larger at higher A1 concentrations. 
High Concentration Cr-Al Alloys 
The reflectivity of Cr-Al alloys with 19.0, 27.0, and 37.8 atomic 
percent A1 is presented in Figures 44-46. Data was taken both at 3O K 
and 400 K for the 19.0 and 27.0% alloys in order to gain some insight 
into the temperature dependence. The of these two alloys is much 
greater than the highest temperature (400 K) attainable with the present 
apparatus, so no attempt was made to normalize the data to the para­
magnetic reflectivity as done with the low concentration alloys. 
Two features of the 19.0% and 27.0% Al reflectivity curves stand 
out immediately. The infrared reflectivity spectrum of both alloys 
shows a temperature dependent dip near O.3 eV and a temperature-inde­
pendent dip centered at 0.041 eV. The O.3 eV dip, which is about an 
8% effect at 30 K, is associated with the commensurate antiferromagnetic 
ordering. The dip appears to be somewhat less broad and shifted to a 
slightly lower energy than the comparable feature in the low concentra­
tion alloys. The dip at 0.041 eV, which is present in the 19.0% and 
the 27.0% alloys, is not present in the 6.36% or 37.8% alloys. This 
implies that it is peculiar to this concentration range. 
Recall that the Cr-Al alloys with Al concentrations between 15% 
and 28% are semiconductor-like in their resistivity behavior. 
Chakrabarti and Beck (63) have estimated the size of the energy gaps 
86 
for these narrow gap semiconductors as discussed before. On the basis 
of their estimates which are illustrated in Figure 9, the energy gaps 
for both the 19% and the 27% alloys would be estimated to be at 0.03 eV. 
Considering the method Chakrabarti and Beck used to estimate the gap 
size, the agreement with the optical absorptions at .041 eV should be 
considered good. It would be very interesting to examine the infrared 
reflectivity of a 23% A1 alloy to see whether or not the gap energy 
really shifts as indicated by the resistivity data. 
The infrared reflectivity at 3O K of the Cr-37.8% A1 alloy is 
given in Figure 45. One immediately notices that the reflectivity 
curve is strikingly different than for the other, lower concentration 
Cr-Al alloys. It is unknown whether this crystal exhibits any form of 
antiferromagnetism. One would expect the band structure to be dif­
ferent from that of pure chromium since the lattice structure is no 
longer bcc. No attempt was made to measure the temperature dependence 
of this alloy. 
SUMMARY AND CONCLUSIONS 
The temperature dependent infrared reflectivity of Cr and Cr 
alloyed with .24, .52, 1.02, 1.41, 1.91, 2.99, 5.11, 6.36, 19.0, 27.0, 
and 37.8 atomic percent A1 has been studied. In Cr the absorption 
corresponding to the temperature dependent energy gap at 0.12 eV which 
is caused by the incommensurate magnetic ordering was observed and 
found to agree with the data of Barker and Ditzenberger (38). Evidence 
is also given to support the assumption of an indirect transition of 
approximately 0.45 eV across two energy gaps. Alloys with A1 concen­
trations of less than 1.02% are found to have reflectivities similar 
to pure Cr with absorptions at 0.12 eV and 0.45 eV still present and 
unshifted in energy contrary to the predictions of a rigid band model. 
The alloys with 1.41% A1 and 1.91% A1 show no temperature dependent 
structure that can be associated with the magnetic ordering. Those 
alloys with A1 concentrations between 1.91% and 6.36% are found to 
have absorption at O.35 eV which has been observed in other Cr alloys 
which have commensurate antiferromagnetic ordering. This absorption 
is found to be weaker in the Cr-Al alloys than in other Cr alloy 
systems.. The semiconductor-like alloys with 19.0% and 27.0% A1 are 
found to have absorptions at O.3 eV and 0.041 eV corresponding to the 
energy gaps due to the commensurate magnetic ordering and the semi­
conductor-like structure respectively. The reflectivity of the 37.8% A1 
alloy is significantly different from the other alloys. 
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APPENDIX 
Because of the closeness of many of the data points on the energy 
scale used in the plots in the text, not all the points are represented 
on the graphs. For completeness, all the data points taken are listed 
in Tables 4-7. These points have been corrected for the aluminum re­
ference mirror reflectivity, but not for possible scattered light. 
For the convenience of the reader, one micron corresponds to 1.2397 eV. 
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Table 4. Measured reflectivity values for chromium 
^mlcJon^r 100 K 150 K 200 K 250 K 300 K 400 K 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
1.60 
1.70 
1.80 
1.90 
2.00 
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.25 
6.50 
6.75 
7.00 
7.25 
7.50 
7.75 
.609 
.618 
.622 
.630 
.636 
.648 
.664 
.686 
.702 
.721 
.736 
.769 
.804 
.829 
.855 
.878 
.897 
.909 
.916 
.922 
.925 
.926 
.929 
.930 
.931 
.932 
.934 
.936 
.936 
.936 
.934 
.934 
.933 
.932 
.620 
.627 
.636 
.648 
.665 
.685 
.701 
.721 
.734 
.770 
.803 
.829 
.853 
.877 
.895 
.908 
.915 
.920 
.924 
.926 
.928 
.930 
.931 
.933 
.934 
.935 
.936 
.935 
.935 
.935 
.935 
.935 
.620 
.629 
.639 
.650 
.665 
.683 
.701 
.718 
.733 
.770 
.802 
.829 
.852 
«874 
.891 
.904 
.913 
.919 
.922 
.926 
.928 
.930 
.933 
.935 
.936 
.938 
.938 
.938 
.937 
.937 
.937 
.937 
.621 
.630 
.640 
.651 
.665 
.683 
.697 
.714 
.732 
.770 
.803 
.832 
.853 
.873 
.888 
.901 
.910 
.916 
.920 
.924 
.926 
.929 
.932 
.934 
.935 
.936 
.937 
.937 
.938 
.938 
.939 
.939 
.624 
.633 
.643 
.654 
.666 
.685 
.696 
.711 
.728 
.768 
.804 
.835 
.858 
.875 
.888 
.900 
.908 
.916 
.920 
.923 
.926 
.930 
.933 
.934 
.936 
.938 
.939 
.940 
.940 
.941 
.943 
.943 
.627 
.636 
.648 
.658 
.669 
.685 
.695 
.707 
.722 
.766 
.807 
.840 
.863 
.881 
.895 
.905 
.910 
.917 
.921 
.926 
.930 
.933 
.935 
.937 
.939 
.941 
.942 
.944 
.945 
.946 
.947 
.948 
.634 
.641 
.653 
.663 
.674 
.688 
-695 
.706 
.719 
.762 
.801 
.837 
.860 
.879 
.893 
.904 
.908 
.916 
.920 
.923 
.926 
.929 
.931 
.933 
.935 
.937 
.938 
.940 
.941 
.942 
.943 
.944 
Table 4. (Continued) 
Wavelength 
(microns) 30 K 100 K 150 K 200 K 250 K 300 K 400 K 
8.00 .930 .934 .936 .940 .944 .949 .945 
8.25 .928 .932 .935 .940 .944 .949 .945 
8.50 .935 .930 .934 .939 .943 .949 .945 
8.75 .922 .926 .933 .938 .943 .949 .945 
9.00 .920 .924 .933 .939 .944 .950 .946 
9.25 .919 .922 .932 .938 .943 .950 .946 
9.50 .915 .920 .931 .938 .944 .950 .946 
9.75 .912 .919 .930 .938 .943 .951 .947 
10.00 
.913 .919 .930 .937 .944 .951 .947 
10.25 .914 .919 .929 .938 .945 .952 .948 
10.50 .915 .918 .930 .938 .945 .953 .949 
10.75 .916 .919 .930 .937 .946 .953 .949 
11.00 
.918 .922 .931 .938 .946 .954 .950 
11.50 
.925 .927 .932 .939 .947 .955 .951 
12.00 
.932 .933 .937 .940 .948 .956 .952 
12.50 .936 .937 .940 .941 .950 .957 .953 
13.00 
.942 .944 .944 .945 .952 .958 .954 
13.50 
.949 .949 .948 .947 .952 .959 .955 
14.00 
.953 .952 .951 .949 .954 .960 .956 
14.50 
.958 .956 .955 .952 .955 .960 .956 
15.00 .963 .959 .960 .955 .956 .960 .956 
16.00 
.970 .964 .965 .958 .957 .961 .957 
17.00 
.971 .968 .969 .961 .957 .961 .957 
18.00 
.973 .969 .969 .965 .959 .962 .958 
19.00 .973 .971 .973 .965 .963 .962 .958 
20.00 .974 .972 .973 .970 .967 .962 .958 
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Table 5» Measured reflectivity of incommensurate Cr-Al alloys 
Wavelength 
(microns) 
Cr-0. 
30 K 
23% A1 
300 K 
Cr-0.52% A1 
30 K 300 K 
Cr-1. 
30 K 
02% A1 
300 K 
Cr-1. 
30 K 
41% A1 
300 K 
1.00 
.579 .604 .524 
1.10 
.594 .603 .568 
1.20 .602 .612 .609 .627 .578 .621 
1.30 .612 .624 .621 .638 .590 .632 
1.40 
.6z4 .635 .633 .649 .606 .640 
1.50 
.635 .647 .645 .659 .619 .653 
1.60 
.651 .656 .658 .672 .633 .665 
1.70 .667 .669 
.673 .683 .648 .673 
1.80 .686 .680 .689 .692 .663 .686 
1.90 
.703 .693 .706 .704 .680 .698 
2.00 
.713 .711 .719 .711 .723 .719 .695 .712 
2.25 .755 .752 .757 .753 .761 .758 .733 .746 
2.50 .789 .764 .789 .793 .792 .795 .767 .778 
2.75 .817 .734 .816 .825 .820 .825 .794 .805 
3.00 .843 .854 .841 .851 .842 .848 
.815 .822 
3.25 .866 .870 .862 .869 .860 .864 
.833 .843 
3.50 .884 .887 .879 .881 .877 .879 .846 .856 
3.75 .895 .897 .892 .891 .890 .888 .860 .865 
4.00 
.905 .907 .903 .901 .900 .897 .872 .874 
4.25 .910 .914 .909 .908 .906 .905 .878 .881 
4.50 .914 .917 .914 .914 .911 .909 .882 .886 
4.75 .918 .921 .916 .918 .914 .913 .887 .890 
5.00 .923 .925 .919 .919 .918 .917 .891 .894 
5.25 .925 .925 .921 .923 .920 .919 .895 .897 
5.50 .937 .930 .923 .925 .922 .922 .898 .901 
5.75 .929 .932 .924 .928 .923 .924 .900 .903 
6.00 
.932 .934 .926 .931 .925 .926 .904 .906 
6.25 .933 .936 .927 .933 .926 .927 .906 .908 
6.50 .934 .938 .928 .934 .926 .928 .907 .911 
6.75 .934 .940 
.927 .936 .927 .930 .909 .912 
7.00 
.933 .941 .927 .938 .928 .932 .911 .913 
7.25 .933 .942 .928 .939 .928 • 933 .914 .914 
7.50 .932 .944 .929 .942 .928 .934 .914 .915 
7.75 .933 .945 .929 .943 .928 .934 .915 .916 
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Table 5» - (Continued) 
Wavelength 
(microns) 
Cr-O.23% A1 
30 K 300 K 
Cr-O.52% A1 
30 K 300 K 
Cr-1. 
30 K 
02% A1 
300 K 
Cr-1.41% A1 
30 K 300 K 
8.00 
.932 .947 .929 .943 .929 .935 .916 .917 
8.25 .933 .948 .929 .945 .929 .936 .917 .918 
8.50 .932 .949 .928 .945 .929 .936 .917 .919 
8.75 .933 .950 .929 .946 .929 .936 .918 .919 
9.00 .982 .950 .928 .945 .931 .937 .918 .920 
9.25 .931 .951 .927 .945 .931 .937 .918 .921 
9.50 .930 .951 .928 .945 .932 .938 .919 .921 
9.75 .930 .952 .928 .946 .932 .938 .920 .922 
10.00 .930 .952 .927 .946 .932 .939 .921 .923 
10.25 .930 .953 .928 .947 .932 .939 .922 .924 
10.50 .932 .952 .930 .947 .933 .940 .923 .924 
10.75 .933 .952 .931 .948 .934 .940 .923 .924 
11.00 .934 .953 .932 .948 .935 .940 .923 .924 
11.50 .936 .953 .933 .947 .936 .940 .923 .925 
12.00 .940 .953 .937 .947 .937 .941 .923 .926 
12.50 .944 .954 .941 .947 .938 .941 .925 .927 
13.00 .947 .955 .943 .947 .939 .942 .927 .929 
13.50 .950 .956 .944 .947 .942 .943 .928 .930 
14.00 .952 .956 .948 .948 .944 .943 .929 .931 
14.50 .956 .956 .951 .948 .946 .944 .930 .931 
15.00 .958 .955 .953 .949 .948 .944 .932 .932 
16.00 .962 .955 .954 .951 .950 .944 .935 .931 
17.00 .964 .956 .954 .951 .952 .945 .936 .932 
18.00 .967 .957 .955 .951 .954 .946 .936 .933 
19.00 .968 .958 .955 .952 .955 .941 .936 .934 
20.00 .969 .959 .956 .953 .957 .948 .936 .935 
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Table 6, Measured reflectivity of commensurate Cr-Al alloys 
Wavelength Cr-1.91% A1 Cr-2.99% Al Cr-5.11% Al Cr-6.36% Al 
(microns) 30 K 300 K 30 K 350 K 30 K 400 K 30 K 400 K 
1.00 .616 
.639 .627 .641 
1.10 .615 .629 .628 .627 
1.20 .620 .627 .632 .639 .633 .641 .634 .645 
1.30 .631 .639 .639 .649 .643 .652 .645 .655 
1.40 .642 .651 .651 .656 .656 .662 .656 .666 
1.50 .654 .662 .662 .666 .669 .672 .665 .676 
1.60 • 666 .673 .673 .676 .679 .681 .675 .783 
1.70 .677 .684 .684 .686 .690 .691 .685 .692 
1.80 .688 .696 
.693 .695 .698 .701 .692 .699 
1.90 .702 .708 .705 .708 .708 .711 .699 .709 
2.00 .716 .720 
.717 .717 .718 .721 .704 .715 
2.20 
.745 .745 .741 .738 .734 .736 .716 .727 
2.40 
.772 .768 .762 
.759 .750 .753 .725 .740 
2.60 
.797 .792 .781 .779 .763 .769 .733 .750 
2.80 .818 .812 
.795 .796 .775 .783 .742 .761 
3.00 .836 .828 .807 .809 .787 .794 .752 .771 
3.20 .849 .841 .820 .821 
.795 .806 .759 .779 
3.40 .862 .854 .828 .831 .804 .813 .767 .786 
3.60 .871 .862 
.837 .840 .812 .821 
.775 .795 
3.80 .880 .871 .846 .848 .819 .829 .779 .801 
4.00 .888 .878 .853 .853 .828 .835 .786 .807 
4.25 .897 .887 .861 .860 
.839 .842 .795 .816 
4.50 .902 .891 .868 .867 .844 .849 .802 .822 
4.75 .907 .898 .874 .871 .851 .854 .809 .828 
5.00 .911 .902 .881 .876 .857 .859 .817 .833 
5.25 .915 .905 .885 .880 .862 .864 .823 .837 
5.50 .918 .909 .889 .884 .868 .868 .829 .841 
5.75 .921 .910 .892 .887 .874 .873 .835 .846 
6.00 
.925 .916 
.897 .889 .879 .876 .841 .850 
6.25 
.927 .918 .901 .893 .883 .879 .846 .854 
6.50 .930 .920 .904 .895 .886 .881 .850 .857 
6.75 .932 .923 .906 .897 .891 .884 .855 .860 
7.00 .934 .925 .909 .898 .894 .887 .861 .863 
7.25 .936 .927 .911 .901 .896 .889 .866 .866 
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Table 6. (Continued) 
Wavelength Cr-1.91% A1 Cr-2.99% A1 Cr-5.11% A1 Cr-6.36% A1 
(microns) 30 K 300 K 30 K 350 K 30 K 400 K 30 K 400 K 
7.50 .937 .928 .913 .903 .900 .892 .871 .870 
7.75 .938 .929 .915 .905 .903 .894 .875 .874 
8.00 
.939 .930 .917 .907 .904 .896 .879 .877 
8.25 .940 .931 .918 .908 .906 .897 .882 .880 
8.50 .940 .931 .919 .909 .907 .899 . 885 .883 
8.75 .941 .932 .920 .910 .908 .900 .886 .883 
9.00 .942 .932 .922 .911 .909 .900 .889 .883 
9.25 .942 .932 .923 .911 .910 .900 .890 .884 
9.50 .943 .933 .923 .911 .911 .900 .891 .884 
9.75 .944 .934 .924 .912 .913 .900 .892 .884 
10.00 
.945 .935 .925 .912 .915 .902 .892 .884 
10.50 .947 .937 .926 .913 .918 .905 .895 .887 
11.00 .948 .938 .929 .916 .920 .908 .900 .891 
11.50 .949 .939 .930 .918 .923 .912 .906 .896 
12.00 .950 .940 .934 .920 .927 .915 .911 .900 
12.50 .951 .941 .936 .922 .930 .917 .915 .904 
13.00 .952 .942 .936 .922 .932 .919 .917 .907 
13.50 .952 .942 .936 .923 .932 .920 .919 .908 
14.00 
.954 .944 .937 .924 .934 .920 .922 .911 
14.50 .954 .944 .938 .925 .937 .922 .925 .913 
15.00 .956 .946 .940 .927 .939 .924 .927 .915 
16.00 
.959 .949 .942 .929 .943 .928 .931 .918 
17.00 .961 .951 .944 .931 .946 .931 .937 .922 
18.00 .963 .953 .945 .935 .947 .932 .944 .928 
19.00 .966 
.955 .949 .938 .952 .937 .949 .935 
20.00 .968 
.957 .953 .942 .965 .951 .951 .937 
22.00 
.952 
24.00 
.954 
26.00 
.955 
28.00 
.957 
30.00 
.962 
32.00 
.962 
34,00 
.968 
36.00 
.972 
38.00 
.972 
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Table 7» Measured reflectivity of high concentration Cr-Al alloys 
Wavelength 
(microns) 
Cr-19.0% A1 
30 K 400 K 
Cr-27.0% A1 
30 K 400 K 
Cr-37.8% A1 
30 K 400 K 
1.00 
1.10 .510 .497 .644 
1.20 .511 .520 .495 .504 .643 
1.30 .516 .525 .497 .510 .642 
1.40 
.523 .532 .502 .518 .641 
1.50 
.535 .543 .513 .530 .642 
1.60 
.549 .555 .531 .544 .642 
1.70 .565 .567 .549 .559 .644 
1.80 .582 .582 .567 .578 .646 
1.90 
.599 .596 .587 .594 .647 
2.00 .616 .609 .607 .613 .649 
2.20 .645 .633 .637 .639 .653 
2.40 .665 .654 .656 .660 .656 
2.60 .676 .664 .666 .676 .657 
2.80 .682 .679 .668 .686 .658 
3.00 .683 .690 .668 .695 .660 
3.20 .683 .698 .664 .700 .660 
3.40 .685 .703 .667 .707 .660 
3.60 .688 .710 .672 .712 .662 
3.80 .690 .713 .677 .718 .661 
4.00 
.693 .719 .686 .724 .662 
4.25 .700 .727 .696 .732 .664 
4.50 
.707 .734 .705 .741 .663 
4.75 .718 .741 .716 .750 .664 
5.00 .730 .746 .728 .757 .664 
5.25 .742 .755 .740 .768 .666 
5.50 
.755 .764 .757 .776 .667 
5.75 .772 .772 .777 .787 .667 
6.00 
.787 .779 .797 .797 .668 
6.25 .798 .787 .815 .804 .668 
6.50 .813 .794 .836 .811 .670 
6.75 .827 .803 .851 .820 .669 
7.00 . 838 .811 .863 .827 .670 
7.25 .847 .816 
.875 .836 .872 
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Table 7» (Continued) 
Wavelength 
(microns) 
cr-19.0% A1 
30 K 400 K 
Cr-27.0% A1 
30 K 400 K 
Cr-37.8% A1 
30 K 400 K 
7.50 .856 .824 .886 .845 .673 
7.75 .866 .833 .895 .852 .674 
8.00 .876 .839 .900 .858 .674 
8.25 .880 .843 .904 .864 .674 
8.50 .885 .847 .907 .868 .674 
8.75 .887 .849 .910 .871 .674 
9.00 .890 .851 .912 .874 .675 
9.25 .893 .852 .913 .875 .675 
9.50 .896 .854 .913 .875 .675 
9.75 .898 .856 .915 .876 .675 
10.00 .902 .859 .919 .876 .676 
10.50 .911 .863 .924 .882 .677 
11.00 .918 .874 .930 .888 .683 
11.50 .921 .880 .934 .892 
12.00 .926 .884 .938 .896 .686 
12.50 .929 .887 .941 .899 
13.00 .932 .890 .942 .902 .691 
13.50 .934 .893 .944 .905 
14.00 
.936 .895 .946 .908 .692 
14.50 .940 .899 .950 .910 
15.00 .943 .902 .951 .913 .694 
16.00 
.947 .906 .951 .913 .700 
17.00 .950 .912 .957 .920 .702 
18.00 
.953 .916 .963 .927 .705 
19.00 
.955 .918 .969 .940 .708 
20.00 
.955 .920 .968 .940 .710 
21.00 
.955 .922 .968 .941 
22.00 
.955 .922 .968 .942 .710 
23.00 
.955 .920 .968 .941 
24.00 
.954 .921 .968 .943 0
 
00
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Table ?•  (Cont inued)  
Wavelength Cr-19.0% A1 Cr-27.0% A1 Cr-37.8% A1 
(microns) 30 K 400 K 30 K 400 K 30 K 400 K 
25.00 .952 .922 .967 .941 
26.00 .952 .919 .961 .940 .714 
27.00 .952 .917 .961 .938 
28.00 .943 .914 .958 .934 .718 
29.00 .934 .905 .952 .928 
30.00 .933 .907 .950 .928 .728 
31.00 .947 .906 .954 .928 
32.00 .952 .914 .956 .931 .734 
33.00 .952 .914 .968 .941 
34.00 .961 .933 .975 .948 .747 
35.00 .960 .935 .975 .951 
36.00 .961 .935 .976 .949 .753 
37.00 .963 .934 .974 .950 
38.00 .964 .936 .972 .951 .760 
39.00 .962 .934 .974 .951 
40.00 .962 .935 .973 .950 .765 
